ABSTRACT DBA/2J (D2) mice, which exhibit very early progressive sensorineural hearing loss, were treated nightly with an augmented acoustic environment (AAE) initiated before the onset of hearing, and consisting of repetitive bursts of a 70-dB sound pressure level (SPL), 4Y25 kHz noise band. At 55 days of age, AAEtreated mice exhibited less elevation of auditory brainstem response thresholds, fewer missing hair cells, and greatly reduced loss of anteroventral cochlear nucleus (AVCN) volume and neuron number compared to untreated control mice. It was hypothesized that the central neuroprotective effect was associated with increased afferent input to AVCN neurons evoked by the AAE as well as a healthier cochlea.
INTRODUCTION
Genetic progressive sensorineural hearing loss in DBA/2J (D2), C57BL/6J (B6), and other inbred strains of mice is ameliorated by treatment with an augmented acoustic environment (AAE). The AAE used thus far consists of nightly exposure to repetitive noise bursts (70 dB SPL sound pressure level re: 20 mPa) with maximum energy between about 4 and 25 kHz (Turner and Willott 1998; Willot and Turner 1999; Willott et al. 2000) . AAE treatment slows age-related elevation of auditory brainstem response (ABR) thresholds, increases the size of acoustic startle responses, and strengthens the ability of tones to inhibit startle in the prepulse inhibition paradigm. The histological correlates of AAE treatment in the cochlea and anterior ventral cochlear nucleus (AVCN) of B6 mice were recently reported by Willott and Bross (2004) , the results of which are discussed below. The present study extends the morphological study to D2 mice.
The time course and severity of hearing loss differ greatly between the D2 and B6 strains. In B6 mice high-frequency hearing loss is first observed at about two to three months of age (young adulthood), progresses gradually, and becomes profound during the second year of life (Ding et al. 2001; Erway et al. 1993; Henry and Chole 1980; Li and Borg 1991; Mikaelian 1979; . D2 mice exhibit very early hearing loss that is evident even at three weeks of age (Ralls 1967; Willott 1981; Willott et al. 1982) , about a week after the onset of hearing and prior to complete maturation of the central auditory system (Willott 1981; Willott et al. 1984) . D2 mice become virtually insensitive to high-frequency tones (915 kHz) by two months of age. ABR thresholds of 55-day-old D2 mice are roughly comparable to those of 12-to 14-month-old B6 mice (the age used in the Willott and Bross 2004 study) , so the present study focused on D2 mice of that age to compare findings with those obtained with B6 mice.
Degeneration of outer hair cells (OHCs), inner hair cells (IHCs), and other cochlear tissue underlie progressive hearing loss in B6 and D2 strains (Ding et al. 2001; Henry and Chole 1980; Hequembourg and Liberman 2001; Ohlemiller and Gagnon 2004; Spongr et al. 1997; Willott et al. 1995) . Willott and Bross (2004) assessed cochlear correlates of long-term, nightly AAE treatment on B6 mice at 12Y14 months of age (an age at which high-frequency hearing loss is severe). AAE treatment resulted in lessened severity of the progressive loss of OHCs, with the tonotopic regions of cochlea that benefited roughly corresponding to the frequency spectrum of the AAE (i.e., mid-cochlea). Effects on IHCs were less clear. One aim of the present study was to determine if similar cochlear AAE effects would occur in D2 mice.
In the absence of AAE treatment, the AVCNs of both B6 and D2 mice exhibit a progressive loss of tissue volume (15Y20%) and number of neurons (about 20% in B6; 25Y35% in D2) (Willott and Bross 1996) . In each strain these changes occur during the period that progressive sensorineural hearing is becoming significantVbetween three and seven months in B6 and between three weeks and about two months in D2. The second aim of this study was to determine the effects of AAE treatment on AVCN morphology in the D2 model. D2 mice were given AAE treatment or no treatment (controls), and ABR thresholds, hair cell counts (cytocochleograms), and assessment of AVCN volume and neuron number were performed as in the previous study on B6 mice (Willott and Bross 2004) . In order to maximize potential AAE effects on the AVCN, AAE treatment was initiated prior to weaning and before the onset of hearing which occurs at about 12 days of age (Shnerson and Pujol 1983 ). An additional group of D2 mice received Bdelayed^AAE treatment (beginning 10 days before euthanasia) which has only minimal effects on hearing loss in D2 mice (Turner and Willott 1998) .
METHODS

Subjects
All mice were of the DBA/2J strain and were secondor third-generation offspring of stock obtained from the Jackson Laboratory (Bar Harbor, ME). Room temperature was maintained between 23 and 24-C and a 12-hour light/dark schedule was used.
Mice were weaned at 23 days of age, given ad libitum access to Purina rodent chow and tap water.
Control mice were reared under relatively quiet conditions, as indicated by octave band-level measurements made with a Brü el and Kjaer Type 2203 Precision Sound Level Meter coupled to a Type 1613 octave band filter. Sound pressure levels ranged from 50 dB SPL (re: 20 mPa) at 2 kHz to 24 dB at 31.5 kHz.
Nightly treatment was given to 10 male and 7 female mice beginning around the time of birth (Bearly AAE treatment^) until age 55 days when they were euthanized. ABR thresholds were obtained at ages 30 and 55 days. All but one of the mice were then used for morphological assessment of the AVCN. Hair cell counts were obtained from six mice. An additional four mice were euthanized at 55 days of age after treatment was initiated only 10 days earlier (BAAE for 10 days^).
Control mice (not treated with the AAE) used for ABR thresholds were four male and three female mice aged 30 days and eight male and seven female mice aged 55 days. Two males and two females were used for cochleograms at age 55 days. AVCN measurements were made on control mice of both sexes at 35 days (n = 6) and 55 days (n = 4).
To better evaluate AAE effects on AVCN volume and neuron number, additional data are presented graphically from control mice used in earlier studies (Turner and Willott 1998; Willott and Bross 1996) . The ages of these controls were: 23 days (n = 5), 31 days (n = 5), 45 days, n = 4; 50 days (n = 5), 55 days, n = 4, 70 days (n = 7).
All procedures conformed to NIH guidelines for use of animals in research and were approved by the Institutional Animal Care and Use Committee of Northern Illinois University.
Procedures
Exposure to the AAE. A dam and her pups were placed in a plastic cage (12 Â 13 Â 30 cm) before the pups were 12 days old. Here they received consecutive 12-hour nights of AAE until they were euthanized at age 55 days.
The procedure has been described in detail in previous papers (Willott and Turner 1999; Willott and Bross 2004) . To produce the AAE, Radio Shack Supertweeters were mounted above the cages. The signal was a broadband noise (rise/fall = 10 ms, duration = 200 ms, rate = 2/s) of 70 dB. SPLs measured within third-octave bands (Brü el & Kjaer Type 2606 measuring amplifier connected to an external bandpass filter and 1/8-in. microphone) showed the spectral peak to be between about 8 and 20 kHz (SPLs > 55 dB), rolling off above and below this range; third octaves encompassed by a range of about 4Y25 kHz were 950 dB SPL. SPLs above and below this were near or at ambient levels. The signal was automatically timed to be on during the 12-hr dark cycle.
ABR thresholds. The procedures for obtaining ABR thresholds are described in detail elsewhere (Turner and Willott 1998) . Briefly, acoustically calibrated stimuli were delivered from a Radio Shack Supertweeter in the free field in a room that was anechoic for high frequencies (9 1 kHz). TuckerYDavis Technology hardware and software were used for stimulus production and signal averaging. A maximum sound pressure level (SPL re: 20 mPa) of 80 dB was employed for all stimuli. Mice were anesthetized with Avertin (tribromoethanol; 5.3 mg per 10 kg body weight, i.p.) or sodium pentobarbital (Nembutal, 1.2 mg per kg, i.p.) and kept warm with a heating pad during ABR recordings (ABRs did not differ as a function of anesthetic). A subdermal (active) needle electrode was inserted at the vertex, and a grounded metal bite bar served as the reference electrode. Preamplifier filters were set at 100 Hz high pass and 3000 Hz low pass.
Mice were tested with tone pips (1 ms rise/fall; 3 ms duration; 4, 8, 12, 16, and 24 kHz (D2 mice do not respond to higher frequencies). ABR thresholds were obtained for each frequency by reducing the SPL at 10 dB steps and finally at 5-dB steps to identify the lowest level at which an ABR could be recognized. If ABRs could not be obtained with the maximum SPL of 80 dB, a nominal threshold of 85 dB was assigned. Thresholds were evaluated from records off-line by two independent, experimentally blind observers. Minor discrepancies in thresholds were resolved, subject to agreement by both observers.
Histological preparation. Mice were anesthetized deeply with sodium pentobarbital, and intracardially perfused with physiological saline followed by buffered neutral 10% formalin for 20 min. The brain was removed from the skull and stored in fixative; one cochlea was used for hair cell counts.
Cytocochleograms. Procedures for hair cell counts were routine and are described elsewhere (Willott and Bross 2004) . Cochleas were removed with a portion of temporal bone and decalcified. The basilar membrane was dissected out, stained with Ehrlich's hematoxylin, laid flat in a drop of glycerine on a slide, and cover-slipped. Cell counts were performed at 100Â magnification. In each ocular field (approximately 0.12 mm) proceeding from apex to base, the number of IHCs and OHCs (in each of three rows) were counted. The number of IHCs and OHCs was computed as a function of distance from the apex in order to obtain a cochleogram: the mean number of hair cells within 0.12 mm lengths of the organ of Corti at 0.6-mm intervals from apex to base (OHC counts are the sum of the three rows). Counts are presented graphically in the figures mapped to correspond with cochleotopic frequency representation along the basilar membrane, synthesized from the cochleotopic maps of Ehret (1983) and Henry and Chole (1980) .
Preparation of AVCN slides. The methods were the same as those employed in earlier studies, as described by Willott and Bross (2004) : Tissue was dehydrated, cleared, infiltrated with Paraplast Plus under vacuum, and embedded in Paraplast Plus in the frontal plane at a standard angle of orientation. Serial sections were cut at 10 mm, mounted on slides, and stained with Cresyl violet (Nissl stain) and in some cases counterstained with Luxol fast blue (for myelinated fibers).
AVCN morphological measurements. Measurements were made from frontal sections extending from the rostral pole of an AVCN to its caudal extent, defined as the last section rostral to the eighth nerve root (this was also at the rostral extent of the dorsal cochlear nucleus in this plane of sectioning). Using a microscope drawing tube, the outline of the AVCN in every fifth serial section was traced onto graph paper whose grid squares were calibrated to equal 100 Â 100 mm and used to guide the location of areas evaluated in each tissue section (see below), and to determine AVCN volume with the aid of a Jandel SigmaScan image analysis system. AVCN volume was determined by multiplying the mean AVCN area of all sections measured (mm 2 ) Â the section thickness (10 mm) Â the number of AVCN sections in that subject Â 5 (because only every fifth section was measured). No adjustment was made for shrinkage of tissue, which is minimal with the formalin fixative.
For cell counts, the reticle was positioned to coincide with a graph square from an AVCN drawing. Then, all neurons within the 100-mm 2 reticle were counted using a 1000Â oil immersion. This was done for all 100-mm 2 squares within a traced AVCN section. Criteria for identification of neurons were a palestaining nucleus with a nucleolus and stained Nissl substance within the cytoplasm (thus, granule cells were excluded). Age-related changes in the size of AVCN neurons of D2 mice are negligible and have no effect on packing density or cell counts. No attempt was made to categorize neurons as spherical or multipolar cells (the major cell types within the AVCN). The cell types are similar in size and often difficult to distinguish in the mouse AVCN (see Trettel and Morest 2001) , and this avoids the possibility that unanticipated age-or AAE-related changes might confound typing of neurons.
For each AVCN section examined, the neuronal packing density was computed (the number of neurons/volume). To obtain the total number of neurons for the entire AVCN, the mean neuronal density for all sections was multiplied by the total volume of the AVCN, computed as described above.
Prior to completing determinations of neuronal density and number, a Bsplit cell^correction factor was employed. The size of nucleoli (defining feature of all neurons counted) was measured on a sample of neurons in each subject group and used to estimate the number of neurons that would be Bsplit^by sectioning. This resulted in a split cell factor of 0.88 for all groups. The total cell count was multiplied by the correction factor, so that neuronal density would not be overestimated by double counting of Bsplit^cells. This method has been empirically verified in mouse AVCN by directly measuring the percentage of neurons that would be Bsplit^by 10-mm sections horizontal and sagittal planes, orthogonal to the frontal plane (Willott et al. 1987) .
Dorsoventral distribution of neuron counts. In addition to estimating the overall number of AVCN neurons in each mouse, the dorsoventral profile was determined as well. Two Bstandard^frontal sections were examined from each mouse. The anterior section was 250 mm caudal to the rostral pole of the AVCN and the posterior section was 350 mm caudal to the rostral pole. These sections lie, respectively, within the anterior and posterior divisions of the AVCN in the atlas of Trettel and Morest (2001) , where additional cytoarchitectonic details may be found. Importantly, tonotopic frequency representation is roughly orthogonal to the dorsoventral axis (i.e., in horizontal Bslabs^) in these sections (Ryugo et al. 1981; Willott et al. 1982) . Therefore, the number of neurons in successive 100-mm horizontal slabs was determined for each mouse using the methodology described earlier. A dorsoventral locus of B0^was assigned to the slab that was midway between the dorsal and ventral AVCN borders. Other slabs were referenced to the following: +100, +200, etc., dorsally and À100, À200, etc., ventrally.
RESULTS
ABR Thresholds
Evaluation of potential sex effect. Preliminary ANOVAs (Sex Â Frequency) were performed on 30-and 55-day-old control mice and AAE-treated mice at both ages to assess possible sex differences. Neither the main effect of Sex nor Sex Â Frequency interactions were significant in any group. Therefore, sexes were combined for subsequent ANOVAs.
ABR thresholds are shown in Figure 1 for mice given early AAE treatment and for controls. It is apparent that, at both 30 and 55 days of age AAEtreated mice had lower thresholds than controls, and these observations were confirmed by two-way mixed ANOVA (Group Â Frequency, with Frequency as a repeated measure). At both ages, main effects of Group (F > 11.9; p G 0.002) and Group Â Frequency interactions (F > 11; p G 0.0001) were significant. Follow-up Tukey's tests for paired comparisons showed that one-month-old mice exposed to the AAE had lower thresholds than controls at 8, 12, and 16 kHz, whereas 55-day-old treated mice had lower thresholds at 4, 8, 12, and 16 kHz. Almost all mice had thresholds at or near 85 dB for the 24 kHz stimulus. D2 mice (treated and control) have thresholds greater than 85 dB at higher frequencies and these were not included in statistical analyses.
The ABR threshold data indicate that early AAE treatment ameliorated hearing loss for frequencies encompassed by the AAE noise band. However, thresholds at 16 kHz were elevated substantiallyVby Mice were tested at 30 days of age (upper panel) and 55 days of age (lower panel). AAE-treated mice (open circles) were treated nightly with the AAE beginning before 12 days of age. The cross-hatched bar approximates the effective frequency spectrum of the AAE noise band (see text). AAE-treated mice had lower thresholds at tested frequencies below 24 kHz. Note that ABRs could not be obtained for 32 kHz tones and higher because of basal cochlear damage; 85 dB "thresholds" are shown for graphic perspective with respect to the frequency representation of the normal mouse cochlea (i.e., the 32Y64 kHz points were not obtained from ABRs).
about 30 dBVbetween 30 and 55 days, despite AAE treatment. This is supported by an ANOVA for repeated measures comparing thresholds at 30 and 55 days (Age Â Frequency). The Age Â Frequency interaction was significant (F 4,128 = 17.74, p G 0.0001) and follow-up Tukey's test showed the threshold at 16 kHz to be higher in 55-day-olds.
Hair cells
Analysis of cochleograms from 55-day-old mice suggests that AAE treatment initiated early has a beneficial effect on OHC and IHC loss. Figure 2 shows the mean cochleograms for OHCs and IHCs of 55-day-old mice. To assess the effects of AAE treatment, analysis focused on the region that would be stimulated by the AAE spectrum (1.2-to 4.2-mm segments). Treated mice had significantly more OHCs (F 1,8 = 6.435, p = 0.035) and IHCs (F 1,8 = 92 .02, p G 0.0001) than controls. There was almost no loss of OHCs or IHCs in this region of AAE-treated mice, but controls had lost hair cells, suggesting a relationship between amelioration of hair cell loss and ABR thresholds.
AVCN volume and neuron counts
Statistical comparisons were made for 55-day-old mice that were exposed to the AAE prior to the onset of hearing (AAE-treated), 55-day-old controls, and an additional group of 55-day-old mice given delayed AAE treatment for only 10 days prior to euthanasia. Figure 3 shows AVCN volumetric data for these mice along with nonexposed D2 mice of various ages that FIG. 2. OHC cytocochleograms, IHC cytocochleograms, and ABR thresholds of 55-day-old DBA/2J mice (means and SEMs). AAEtreated mice (open circles) were treated nightly with the AAE beginning before 12 days of age. The frequency scale on the ABR graph abscissa (lower panel) corresponds to the cochlear frequency map (distance from apex) of cytocochleograms (upper and middle panels) and also appears over the upper panel. The cross-hatched bar approximates the effective frequency spectrum of the AAE noise band (see text). The ABR thresholds are redrawn from those in Figure  1 ; the "lowest D2 thresholds" are those of 1-month-old AAE-treated mice, the lowest we have observed in this strain), and serve as a reference for the likely optimal hearing in D2 mice younger than 1 month. Treated mice had significantly more IHCs and OHCs in the 1.2-to 4.2-mm segments, but not in the apex or extreme base (note large SEMs in the latter region).
FIG. 3. AVCN volume and number of neurons for groups of D2 mice of various ages (means and SEMs)
. Data from some control groups are from Willott and Bross (1996) : 23 days, n = 5; 31 days, n = 5; 50 days, n = 5; 70 days, n = 7. AAE-treated males and females received nightly treatment beginning prior to 12 days of age; these volumes and neurons numbers are significantly greater than those of like-aged controls or mice receiving delayed treatment (for 10 days).
show how D2 mice exhibit a decrease in AVCN volume after 23 days of age, which levels off thereafter. AVCN volume of 55-day-old males and females given early AAE treatment do not differ from one another and are virtually unchanged from that of the 23-day-olds. Compared to age-matched controls and mice given treatment for only 10 days, volume is significantly greater in AAE-treated mice, as indicated by a one-way ANOVA with sexes combined (F 2,21 = 4.79, p G 0.02).
The number of AVCN neurons in the same mice are also shown in Figure 3 . The number of neurons decreases between 30 and 45 days of age in control mice, but this is not the case for AAE-treated mice. They have significantly more neurons than agematched control mice or mice given 10-day, delayed treatment (F 2,21 = 12.41, p = 0.0003). Figure 4 shows the mean number of neurons in two standard AVCN sections presented as a function of the dorsoventral distribution. For the anterior and posterior section, two-way mixed ANOVAs (Group Â dorsoventral Location) were performed on four groups: 35-day-old control, 55-day-old control, 10-day AAE treatment group, 55-day-old with early AAE treatment (sexes combined). Follow-up two-way ANOVAs were used to compare individual groups.
Dorsoventral distribution
The anterior section is particularly interesting in that it shows the AAE-treated mice to have more neurons than the other groups in the dorsal and ventral extremes of the AVCN. The main effect of Group (F 3,26 = 13.66, p G 0.0001) and Group Â Location interaction (F 24,208 Group differences in the posterior section were less clear. There was a main effect of Group (F 3,26 = 5.15, p = 0.0063), but the Group Â Location interaction was not significant. Follow-up comparisons found that AAE-treated mice had more neurons than controls, with a significant main effect of Group (F 1,18 = 8.15, p = 0.01); however, with the exception of the most dorsal region, the differences were small and evenly distributed across dorsoventral locations. There were no differences between 1-month-old and 55-day-old controls or between delayed treatment group and controls.
To summarize, the savings in AVCN neurons (see Fig. 3 ) were spread across the entire dorsoventral extent of the AVCN in D2 mice. Large neuron savings were observed in the dorsal and ventral extremes of the anterior section in AAE-treated mice.
DISCUSSION
The ability to compare two inbred strains of mice allows one to make inferences about the generality or specificity of findings and, by implication, underlying mechanisms. Effects of AAE treatment that are common to both D2 and B6 mice suggest mechanisms that are not tightly regulated by the age or rate at which progressive hearing occurs, because these phenotypes differ substantially between the two strains. Differences in findings for the two strains would suggest that the developmental timing and /   FIG. 4 . Number of AVCN neurons as a function of dorsoventral location (100-mm slabs) in two standard AVCN frontal sections. AAE-treated mice (males and females combined here) received nightly treatment beginning prior to 12 days of age (unfilled squares). Neuron savings in treated mice were most pronounced in dorsal (high frequency) and ventral (low frequency) regions.
or severity of hearing loss may be important in determining the outcomes. Alternatively, genetic mechanisms that are not manifested in these obvious auditory phenotypes may also be necessary or sufficient to produce the strain differences. Whereas AAE treatment had ameliorative effects on progressive elevation of ABR thresholds in D2 and B6 mice (Turner and Willott 1998; Willott and Turner 1999 ; present study Fig. 1 ), the present study found both similarities and substantive differences in the histological effects of AAE treatment on D2 mice compared to what was found in B6 mice by Willott and Bross (2004) .
The cochlea AAE treatment resulted in lessened severity of hair cell loss in the mid-cochlea of 55-day-old D2 mice whose AAE treatment was initiated by the time they began to hear. Hair cell savings were also observed in the earlier study (Willott and Bross 2004) of year-old B6 mice whose treatment began at 25 days of age. Because B6 mice show little or no cochlear damage prior to 25 days, this paradigm is similar to the Bearly^AAE treatment used on D2 mice in the present study. As mentioned earlier, the severity of hearing loss in 55-day-old control D2 mice is comparable to that of 12-to 14-month-old B6 mice. Thus, in both studies, AAE treatment began prior to significant cochlear degeneration and was maintained until an age that control mice exhibit substantial hearing loss. It would appear that AAE treatment can retard the loss of hair cells in both D2 and B6 mice.
Whereas the cause(s) of cochlear pathology/ hearing loss in D2 and B6 mice are not fully understood, there is evidence linking progressive hearing loss and perhaps the Ahl gene (Johnson et al. 1997 (Johnson et al. , 2000 to cadherin 23 (Cdh23) alleles in inbred mouse strains (Noben-Trauth et al. 2003; Zheng et al. 2005) . Cdh23 is expressed primarily during development, but expression has been detected in adult hair cell stereocilia (Di Palma et al. 2001) , and Cdh23 was proposed as the tip link (Siemens et al. 2004 ). Thus, one aspect of hearing loss in D2 and B6 mice is likely to involve disruption of stereocilia. To our knowledge, however, a potential mechanism associating augmented acoustic stimulation to amelioration of cadherin dysfunction is not known. A mechanism whereby AAE treatment lessens sterocilia disruption may be revealed by future research, and this might explain the slowing of ABR threshold elevations. However, the possibility of a more Bgeneral^ameliorative mechanism for AAE treatment is also attractive. It is unclear as to why spiral ganglion cells and other cochlear tissue that degenerate in B6 mice (Hequembourg and Liberman 2001; Ohlemiller and Gagnon 2004) would be affected by stereocilia disruption and/or why AAE treatment would have an effect via stereocilia. Increased auditory system activity might very well ameliorate the general condition of cochlear tissue through physiological Bexercise,^up-regulation of beneficial entities such as neurotrophins, and/or facilitation of cochleaYcochlear nucleus pathways. In other words, AAE treatment may help cochlear tissue survive or function better despite the actions of Cdh23 or other genes.
The ACVN
In D2 mice, AAE treatment begun as early as possible (before the onset of hearing) prevented the loss of neurons that typifies 55-day-olds (e.g., Willott and Bross 1996) . When treatment was delayed until 45 days of age, there was no ameliorative effect, presumably because hearing loss and/or AVCN damage had already occurred prior to treatment. Because the loss of AVCN neurons accompanies progressive cochlear damage (Willott and Bross 1996) , the working hypothesis has been that the loss of central neurons is a secondary reaction to physiological and/or anatomical deprivation of afferent input. In line with this reasoning, the slowing of progressive peripheral pathology/hearing loss by AAE treatment combined with the additional neural stimulation evoked by the AAE would counteract the deprivation process. While this activity-dependent hypothesis is parsimonious, nothing is known at this time about the specific mechanisms that may be responsible for neuron death in the AVCN or its mitigation by AAE treatment.
The Willott and Bross (2004) study found no ameliorative effects of AAE treatment on either the volume or number of surviving neurons in B6 mice, and indeed, AAE-treated males had reduced volume and number of AVCN neurons. For the most part, the neuronal savings in D2 mice occurred in the dorsal and ventral extremes of the AVCN, suggesting an explanation D2YB6 strain differences based on tonotopic organization. Neurons in the dorsalmost 200 mm of the B6 mouse AVCN are most sensitive to frequencies higher than those encompassed by the AAE spectrum, whereas neurons in the most ventral 200 mm are most sensitive to frequencies lower than those of the AAE (i.e., normal tonotopic organization). Consequently, it might be expected that the AAE treatment would only minimally stimulate these neurons. In contrast to B6 mice, tonotopic organization in the AVCN of D2 mice is abnormal (Willott et al. 1982) . Because of cochlear pathology, neurons in the dorsal and ventral extremes of the AVCN never respond to high and low frequencies; moreover, the D2 AVCN appears to undergo early neural plasticity, such that dorsal and ventral neurons respond well to middle frequencies even at three weeks of age (Willott et al. 1982) . This means that, despite histopathology of the basal and apical cochlea of D2 mice, the entire AVCN would be stimulated by the AAE noise band, presumably because input from the mid-cochlea is distributed ventrally and dorsally. The AAE would increase neural activity throughout the D2 AVCN, leading to the preservation of neurons observed in the present study.
As mentioned, Willott and Bross (2004) also found that AAE-treated B6 males exhibited more severe hearing loss than controls in the dorsal and ventral extremes of the AVCN-tonotopic regions adjacent to the mid-frequency regions stimulated by the AAE. The Blimited resources^hypothesis (Willott and Bross 2004) proposes that the neurons in dorsal and ventral AVCN were deprived of glucose, oxygen, and/or other entities important for neuron survival because they were metabolized at high levels by neurons responding strongly to the AAE. The absence of this type of Bnegative^AAE effect in the AVCN of D2 mice is consistent with the limited resources hypothesis. Because neurons throughout the entire dorsoventral extent of the D2 AVCN are stimulated by the AAE, there would be no deprivation in the dorsal and ventral regions. Similar reasoning might also account for the findings that ablation or very severe damage to the cochlea does not result in the loss of AVCN neurons in mice (Mostafapour et al. 2000; Willott et al. 1994) , whereas basal cochlear degeneration (B6 and D2 mice) does (Willott and Bross 1996) ; with widespread cochlear damage, no portion of AVCN uses excessive resources.
Sex differences
Whatever is responsible for the sex difference regarding the loss of AVCN neurons in AAE-treated B6 mice (Willott and Bross 2004) is moot in the present study because there was no loss of neurons in treated D2 mice of either sex. Whereas the present study cannot speak to that issue, it does shed light on another sex difference observed in B6 mice. Studies of ABR thresholds show that male and female B6 mice exhibit a similar rate and severity of hearing loss until about six months of age. Then, ABR thresholds of female B6 mice deteriorate more rapidly than males (Henry 2002; Willott and Bross 2004) . The 7Y12 months age range represents a period of middle-age decline in fertility that includes with diminishing levels of estradiol, deteriorating cycle frequency, and cycle irregularity (Nelson et al. 1981 (Nelson et al. , 1982 (Nelson et al. , 1992 . These data suggest the hypothesis that declining estrogen contributes to the emerging sex difference.
Estrogen is known to have neuroprotective properties in various regions of the brain (Garcia-Segura et al. 2001) and in the auditory system (Guimaraes et al. 2004 ). Thus, it is possible that in young adult B6 females, estrogen has a protective or trophic effect in the cochlea that partially checks the deleterious effects of the Ahl and/or other genes; this beneficial effect dissipates with the middle-aged decline in estrogen, resulting in accelerated hearing loss, especially between 10 and 12 months. If declining estrogen were responsible for the sex effect in B6 mice, it would be predicted that no sex effect would be present in D2 mice. Cochlear degeneration and hearing loss run their course in D2 mice well before middle age. The finding that no sex differences were observed in D2 mice of the present study is consistent with a role of declining estrogen in older B6 mice (see Willott and Bross 2004 for more details).
CONCLUSIONS
Effects of AAE treatment in D2 mice were similar to those in B6 mice (Willott and Bross 2004) in that mice of both strains exhibited lesser ABR threshold elevations and hair cell loss than age-matched controls. This finding suggests that attenuated cochlear tissue damage is manifested whether progressive hearing loss is early and rapid (D2 mice) or gradual with adult onset (B6 mice). A more important variable appears to be initiation of treatment while cochlear pathology is minimal, a finding of an earlier work as well (Willott et al. 2000) . AAE treatment can slow cochlear degeneration but can not reverse it.
Although lower ABR thresholds in AAE-treated mice were accompanied by slightly reduced cochlear cell loss, numerical savings of hair cells may not be sufficient to account for the lower thresholds. AAEtreated mice exhibited threshold elevations between 30 and 55 days (albeit less than those of controls), yet few hair cells were lost in 55-day-olds (Fig. 2) . This suggests the involvement of alterations in hair cell structure and/or physiology more subtle than simple elimination of cells or the involvement of other cochlear tissue. This might be a specific effect on gene actions (e.g., Ahl, Cdh23) or a more Bgeneral^effect on the health of cochlear tissue.
A striking difference between D2 mice of the present study and B6 mice of the earlier study is the ameliorative effect of AAE treatment on the survival of AVCN neurons in D2 mice, which did not occur in B6 mice. This occurred in the dorsal and ventral extremes of the AVCN, and it was hypothesized that this was related to the abnormal tonotopic organization in D2 mice that allowed the middle-frequency AAE to stimulate neurons in these regions. At present, neither the mechanism(s) of AVCN neuron death in D2 mice nor the means by which increased auditory activity might provide protection are known.
